directed differentiation protocols enable derivation of cardiomyocytes from human pluripotent stem cells (hPscs) and permit engineering of human myocardium in vitro. however, hPsc-derived cardiomyocytes are reflective of very early human development, limiting their utility in the generation of in vitro models of mature myocardium. here we describe a platform that combines three-dimensional cell cultivation with electrical stimulation to mature hPsc-derived cardiac tissues. We used quantitative structural, molecular and electrophysiological analyses to explain the responses of immature human myocardium to electrical stimulation and pacing. We demonstrated that the engineered platform allows for the generation of three-dimensional, aligned cardiac tissues (biowires) with frequent striations. Biowires submitted to electrical stimulation had markedly increased myofibril ultrastructural organization, elevated conduction velocity and improved both electrophysiological and ca 2+ handling properties compared to nonstimulated controls. these changes were in agreement with cardiomyocyte maturation and were dependent on the stimulation rate.
directed differentiation protocols enable derivation of cardiomyocytes from human pluripotent stem cells (hPscs) and permit engineering of human myocardium in vitro. however, hPsc-derived cardiomyocytes are reflective of very early human development, limiting their utility in the generation of in vitro models of mature myocardium. here we describe a platform that combines three-dimensional cell cultivation with electrical stimulation to mature hPsc-derived cardiac tissues. We used quantitative structural, molecular and electrophysiological analyses to explain the responses of immature human myocardium to electrical stimulation and pacing. We demonstrated that the engineered platform allows for the generation of three-dimensional, aligned cardiac tissues (biowires) with frequent striations. Biowires submitted to electrical stimulation had markedly increased myofibril ultrastructural organization, elevated conduction velocity and improved both electrophysiological and ca 2+ handling properties compared to nonstimulated controls. these changes were in agreement with cardiomyocyte maturation and were dependent on the stimulation rate.
As adult human cardiomyocytes are essentially postmitotic, the ability to differentiate cardiomyocytes from human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs) [1] [2] [3] [4] represents an exceptional opportunity to create in vitro models of healthy and diseased human cardiac tissues that can also be patient-specific 5 and useful in screening new therapeutic agents for efficacy. However, differentiated cells exhibit a low degree of maturation 6 and are appreciably different from adult cardiomyocytes.
hESC-derived cardiomyocytes exhibit immature sarcomere structure characterized by the absence of H zones, I bands and M lines (day 40 embryoid bodies 7 ), high proliferation rates (~17% proliferating cells for day 37 embryoid bodies 8 (EBd37) and ~10% for day 21-35 embryoid bodies 7 ), immature action potentials 9 and Ca 2+ handling properties [9] [10] [11] [12] [13] with contraction shown to be, in many cases, dependent on trans-sarcolemmal Ca 2+ influx and not on sarcoplasmic reticulum Ca 2+ release 10 . hESC-based engineered cardiac tissues also exhibit characteristics of immature cells, including immature sarcomere structure 14 , high proliferation rates (15-45% proliferating cells in ref. 14 and 10-30% proliferating cells in ref. 15 ) and expression of the fetal gene program [16] [17] [18] . This is an important caveat when using these cells as models of adult human tissue 6 .
During embryonic development, cardiac cells are exposed to environmental cues such as extracellular matrix, soluble factors, mechanical signals and electrical fields that may determine the emergence of spatial patterns and aid in tissue morphogenesis 19, 20 . Exogenously applied electrical stimulation has also been shown to influence cell behavior [21] [22] [23] .
We created a platform that combines architectural and electrical cues to generate a microenvironment conducive to maturation of three-dimensional (3D) hESC-derived and hiPSC-derived cardiac tissues, termed 'biowires' . We seeded cells in collagen gel around a template suture in a microfabricated well and subjected them to electrical field stimulation with a progressive increase in frequency. Consistent with maturation, stimulated biowires exhibited cardiomyocytes with a remarkable degree of ultrastructural organization, improved conduction velocity and enhanced Ca 2+ handling and electrophysiological properties.
results engineering of human cardiac biowires
We generated 3D, self-assembled cardiac biowires by seeding cardiomyocytes, derived from hPSCs using a directed differentiation protocol in embryoid bodies 2 , and supporting cells (fibroblasts, endothelial cells and smooth muscle cells) into a template poly(dimethylsiloxane) (PDMS) channel, around a sterile surgical suture in type I collagen gels ( Fig. 1 and  Supplementary Fig. 1a) . The biowire suture remained anchored to the device platform during matrix remodeling. Seeded cells remodeled and contracted the collagen gel matrix during the first week after seeding ( Fig. 1a and Supplementary Fig. 1a ) with ~40% gel compaction ( Fig. 1b; final width, ~600 µm). This allowed us to remove the biowire from the PDMS template ( Supplementary Figs. 1 and 2) .
Histological analysis revealed cell alignment along the axis of the suture (Fig. 1c and Supplementary Fig. 2b ). Biowires beat synchronously and spontaneously between 2 d and 3 d after seeding and kept beating after gel compaction, demonstrating that the setup enabled electromechanical cell coupling (Supplementary Video 1) . Biowires could be electrically paced and responded to physiological agonists such as epinephrine (β-adrenergic stimulation) by increasing frequency of spontaneous beating (Fig. 1d) .
After preculture for 1 week, we either submitted the biowires to electrical field stimulation or cultured them without stimulation (nonstimulated controls) for 7 d. To assess whether effects were dependent on stimulation rate, we used two different protocols: (i) low-frequency ramp-up regimen, where stimulation started at 1 Hz, increased to 3 Hz (1 Hz, 1.83 Hz, 2.66 Hz and 3 Hz on days 1-4, respectively) and maintained at 3 Hz for the remainder of the week (Supplementary Fig. 1b ; referred to as low-frequency regimen or 3-Hz regimen) or (ii) high-frequency ramp-up regimen, where stimulation started at 1 Hz and increased to 6 Hz throughout the week ( Fig. 1c ; referred to as highfrequency regimen or 6-Hz regimen).
Physiological hypertrophy in stimulated biowires
After 2 weeks in culture, cells throughout the biowires strongly expressed cardiac contractile proteins sarcomeric α-actinin, actin and cardiac troponin T, as evidenced by immunostaining ( Fig. 2a and Supplementary Figs. 2 and 3) . Sarcomeric banding npg of the contractile apparatus ( Fig. 2a and Supplementary Figs. 2c , 3a and 4) and myofibrillar alignment along the suture axis was qualitatively similar to the structure in the adult heart 22 . Biowires kept in culture for 3 weeks and 4 weeks maintained cell alignment and their contractile apparatus structure, as evidenced by confocal and transmission electron microscopy ( Supplementary Fig. 5 ).
Early in cardiac development, cardiomyocytes are round cells and differentiate into rod-like cells after birth 24 . Adult human cardiomyocytes have a structurally rigid architecture, retaining a rod-like shape 25 immediately after dissociation, whereas hESC-derived cardiomyocytes remain round. We dissociated age-matched, EBd34 and biowires, and seeded the cells into Matrigel-coated plates (Supplementary Fig. 1d ). Although ~80% of cardiomyocytes from EBd34 exhibited a round phenotype, this percentage was significantly lower (~50% less) in electrically stimulated samples (Fig. 2b) . The percentage of rod-like cardiomyocytes was significantly higher (about fourfold) in electrically stimulated biowires ( Fig. 2b and Supplementary Fig. 6 ) as compared to EBd34.
During development, cardiomyocytes undergo physiological hypertrophy characterized by an increase in cell size followed by changes in sarcomere structure and downregulation of fetal genes 26 . We observed a significant increase in cardiomyocyte size (area of plated cells) in biowire conditions compared to cardiomyocytes from age-matched embryoid bodies (EBd34) (Supplementary Table 1 ; EBd34 versus control, P = 0.034; EBd34 versus 3-Hz regimen, P = 0.003; EBd34 versus 6-Hz regimen, P = 0.01). Atrial natriuretic peptide (NPPA), brain natriuretic peptide (NPPB) and α-myosin heavy chain (MYH6) are proteins highly expressed in fetal cardiomyocytes and upregulated during pathological hypertrophy in diseased adult ventricular cardiomyocytes. Downregulation of the fetal cardiac gene program (NPPA, NPPB and MYH6) in hESC-derived cardiomyocyte biowires ( Supplementary Fig. 7 ), compared to age-matched embryoid bodies, in concert with cell-size increase, suggested physiological hypertrophy and a more mature phenotype. Although we observed downregulation of mRNA encoding structural proteins in biowires compared to embryoid bodies, we observed no changes in the amounts of these protein (Supplementary Results). Potassium inwardly rectifying channel gene (KCNJ2), that has important roles in cell excitability and K + homeostasis 27 , was upregulated in cells from biowires compared to EBd34 (Supplementary Fig. 7 ).
hESC-derived cardiomyocytes cultured in biowires also exhibted lower proliferation rates than those of embryoid bodies (Supplementary Fig. 8 ; EBd20 versus EBd34, P = 0.002; EBd34 versus control, P = 0.019; EBd34 versus 3-Hz regimen, P = 0.016; EBd34 versus 6-Hz regimen, P = 0.015) and the percentage of cardiomyocytes in each condition remained unchanged after culture for 2 weeks (48.2% ± 10.7% average ± s.d.; Supplementary  Fig. 9 ). After cultivation, cell composition in biowires was comparable to that in EBd20, specifically CD31 + (2.4% ± 1.5%, endothelial cells 28 ), CD90 + (34.4% ± 23%, fibroblasts 28 ), calponin + (35 ± 22%, smooth muscle cells) or vimentin + (80% ± 22%, nonmyocytes) cells. This suggests that the observed improvements were not related to the induction of a particular cell type in biowires.
maturation of contractile apparatus
Cells in nonstimulated biowires exhibited well-defined Z discs and myofibrils ( Fig. 2c and Supplementary Figs. 3c and 4) but no signs of alignment of Z discs. In contrast, biowires stimulated under the high-frequency regimen showed signs of maturation, such as organized sarcomeric banding with frequent myofibrils that converged and displayed aligned Z discs (6-Hz regimen; Fig. 2c and Supplementary Figs. 3c and 4), many mitochondria (6-Hz regimen; Fig. 2c and Supplementary Fig. 3c and 4) and desmosomes, a molecular complex of cell-cell adhesion proteins (Fig. 2c ). In the 6-Hz regimen condition, mitochondria were positioned closer to the contractile apparatus than in control or 3-Hz regimen conditions ( Fig. 2c and Supplementary  Figs. 3c and 4b) .
Electrically stimulated samples exhibited a sarcomeric organization more compatible with mature cells than with nonstimulated controls as shown by a significantly higher presence of H zones per sarcomere (Fig. 2d , control versus 6-Hz regimen, P = 0.005; Supplementary Fig. 3d , control versus 6-Hz regimen, P = 0.001) and I bands per Z disc (Fig. 2d , control versus 3-Hz regimen, P = 0.01; control versus 6-Hz regimen, P = 0.003; Supplementary  Fig. 3d , control versus 6-Hz regimen, P = 0.0004). Biowires stimulated using the 6-Hz regimen also had a significantly higher number of desmosomes per membrane length than did both nonstimulated controls and biowires subjected to the 3-Hz regimen ( Fig. 2d , P = 0.0003). In hiPSC-derived cardiomyocyte biowires, we frequently saw areas with nascent intercalated discs ( Supplementary Fig. 3c and 4b) . However, the lack of M lines and T tubules, consistent with previous reports 29, 30 , indicated an absence of terminal differentiation.
Functional assessment of engineered biowires
Electrical stimulation using the 6-Hz regimen improved biowire's electrical properties, leading to a significant decrease in the excitation threshold ( Fig. 3a; control versus 6-Hz regimen, P = 0.03) and an increase in the maximum capture rate (MCR) (Fig. 3b, Fig. 10b ; we observed an MCR of 5.2 Hz with field stimulation and intermittent capture at 6 Hz, Supplementary Videos 6-9). During field stimulation, all cells received the stimulus at the same time, and response was not limited by each cell's propagation limitations. Conduction velocity, assessed upon point stimulation at the end of cultivation, was ~40% and ~50% higher in the samples electrically stimulated during culture (3 Hz and 6 Hz, respectively), than nonstimulated controls (Fig. 3c,d , control versus 3 Hz, P = 0.014; control versus 6 Hz, P = 0.011). Improvements in electrical properties (excitation threshold, MCR and conduction velocity) were more pronounced with the high-frequency regimen compared to the low-frequency one. Improvement in conduction velocity directly correlated with the average number of desmosomes ( Supplementary Fig. 11 , R 2 = 0.8526).
stimulation improves ca 2+ -handling properties
Either all 10 or the majority 12 of hESC-derived cardiomyocytes rely on Ca 2+ influx from sarcolemma rather than on Ca 2+ release from sarcoplasmic reticulum for contraction, which differs markedly from the case in the adult myocardium. We tested the effect of caffeine, which opens sarcoplasmic reticulum ryanodine channels, on cytosolic Ca 2+ transients in single cells isolated from biowires ( Supplementary Fig. 1d ). In accordance with previous work 10 , none of the hESC-derived cardiomyocytes in nonstimulated controls were responsive to caffeine (Fig. 4a) , whereas electrically stimulated cells using both 3-Hz and 6-Hz regimen conditions responded to caffeine by inducing an increase in cytosolic Ca 2+ (Fig. 4b,c) . Quantification of Ca 2+ transient amplitudes showed that electrically stimulated cells exhibited significantly higher amplitude intensity in response to caffeine than nonstimulated controls, in a stimulation frequency-dependent manner (Fig. 4d,e) . Blockade of L-type Ca 2+ channels in cells from biowires subjected to the 6-Hz regimen with either verapamil or nifedipine (Fig. 4f,g ) led, as expected in mature cells, to cessation of Ca 2+ transients. Addition of caffeine after blockade of L-type Ca 2+ channels led to Ca 2+ release into the cytosol (Fig. 4f,g ).
Blockade of the ion-transport activity of sarcoplasmic reticulum Ca 2+ ATPase (SERCA) by addition of thapsigargin (Fig. 4h) led to the cessation of calcium transients with time because of the depletion of Ca 2+ from the sarcoplasmic reticulum. Cardiomyocytes from the 6-Hz regimen condition also demonstrated a faster rising slope and time to peak, parameters that represent the kinetics of Ca 2+ release into the cytosol and faster τ decay and time to base, parameters that represent the kinetics of clearance of Ca 2+ from the cytosol (Supplementary Table 2 ). Taken together, these data indicated that cardiac biowires stimulated using the 6-Hz regimen during culture exhibited Ca 2+ -handling properties compatible with a functional sarcoplasmic reticulum.
stimulation alters electrophysiological properties
To assess maturity, we measured action potentials, human ERG (hERG) currents and inward rectifier currents (I K1 ) 11 in cardiomyocytes derived from biowires and embryoid bodies (Fig. 5) . hERG currents were larger (P = 0.0434) in biowires subjected to the 6-Hz regimen (0.81 pA pF −1 ± 0.09 pA pF −1 ) than nonstimulated controls (0.52 pA pF −1 ± 0.10 pA pF −1 ) (Fig. 5a ) without differences in their biophysical properties (Supplementary Fig. 12 ).
Cardiomyocytes from both biowire groups had higher hERG levels compared to those from day-20 or day-44 embryoid bodies (Fig. 5a) . Similarly, I K1 densities were greater (P = 0.0406) in biowires subjected to the 6-Hz regimen (1.53 pA pF −1 ± 0.25 pA pF −1 ) than in controls (0.94 pA pF −1 ± 0.14 pA pF −1 ), and I K1 levels in both biowire groups were greater (P = 0.0005) than those recorded in embryoid body-derived cardiomyocytes (Fig. 5b) . (d) Caffeine-induced change of peak fluorescence intensity among experimental groups (mean ± s.e.m. after normalizing the peak fluorescence intensity before administration of caffeine; control versus 3 Hz, P = 1.1 × 10 −6 ; control versus 6 Hz, P = 2.1 × 10 −7 ; 3 Hz versus 6 Hz, P = 0.003; n = 10 (control), n = 6 (3 Hz) and n = 9 (6 Hz)). (e) Representative fluorescence recording of Ca 2+ transients before and after administration of caffeine at 5 mM (arrow) in cells subjected to the 6-Hz regimen. (f-h) Inhibition of L-type Ca 2+ channels with verapamil (f) or nifedipine (g) and blockade of SERCA channels with thapsigargin (h) in cells subjected to the 6-Hz regimen before addition of caffeine. *, significant difference between group and control. # , significant difference between 3-Hz regimen group and 6-Hz regimen group. Data in a-h were obtained with hESC-derived cardiomyocytes obtained from Hes2 cell line and represent measurements performed in single cell cardiomyocytes after dissociation from biowires. F, fluorescence intensity; F0, fluorescence intensity at baseline; F/F0, F normalized by F0.
npg
Cell capacitance, a measure of cell size, was larger (P = 0.0052) in biowires subjected to the 6-Hz regimen (19.59 pF ± 1.41 pF) compared to control biowires (14.23 pF ± 0.90 pF) and smaller (P = 0.0041) in embryoid body-derived cardiomyocytes (Fig. 5c) . Resting membrane potentials (V rest ) of the cardiomyocytes from biowires were more negative than in embryoid body-derived cardiomyocytes (P < 0.0001; Fig. 5d ). After correcting for the liquid junction potential, which was ~16 mV, the values of V rest recorded in biowire cardiomyocytes with the patch-clamp method were well below the equilibrium potential for Nernst potential for K + (E K = −96 mV), suggesting that hyperpolarizing currents, possibly those generated by the Na + pump 31, 32 , strongly influenced V rest . Consistently, we found that the cardiomyocytes from biowires had a very low resting membrane conductance, which correlated with V rest (R = 0.5584, P < 0.0001), and I K1 values had negative correlations with V rest (R = 0.2267, P = 0.0216; Supplementary  Fig. 13 ). Maximum depolarization rates (Fig. 5e) and peak voltages of the action potentials (Fig. 5f) did not differ between the two biowire groups. However, both properties were improved in these biowire groups compared to embryoid bodies (P = 0.5248 and P = 0.0488, respectively). Action potential durations were longer (P = 0.0021) with greater variation in embryoid bodyderived cardiomyocytes than biowire-derived cardiomyocytes ( Fig. 5g and Supplementary Fig. 14) , suggesting less electrophysiological diversity and more maturation in biowires. Automaticity (spontaneous beating activity) was greater (P = 0.0414) in embryoid body-derived cardiomyocytes compared to control biowires (Fig. 5h) , which was comparable to that in biowires subjected to the 6-Hz regimen. Taken together, these results support the conclusion that biowires and electrical stimulation using the 6-Hz regimen promoted electrophysiological maturation. discussion Normal human fetal heart rate varies but is maintained at ~3 Hz for most of the time 33 whereas adult resting heart rate is ~1 Hz 33 . The rate change is associated with changes in expression of contractile proteins and suggests a possible dependence of cardiac maturation on stimulation rate. The fact that the progressive increase from 1 Hz to 6 Hz was the best stimulation condition tested in biowires was a surprise to us as 3 Hz is the average fetal heart rate 33 . This could be a compensatory mechanism for the lack of other important cells types and cell-cell developmental guidance in the in vitro setting. As we increased frequency of field stimulation over 7 d in culture, the group subjected to the 6-Hz regimen might only lose capture (exceed the rate of 5.2 Hz) at the very last day of stimulation. Therefore, it may be the stimulation at the highest possible rate, and not the rate itself, that is the governing cue for cardiomyocyte maturation in vitro.
Mechanical stimulation has been reported to lead to a robust induction of structural proteins such as myosin heavy chain and induce proliferation of hPSC-derived cardiomyocytes 14, 34 , suggesting that electrical stimulation of the biowire at 6 Hz did not simply provide a better mechanical stimulation environment. Previously, mechanical stimulation did not lead to electrophysiological maturation 34 . The use of electrical stimulation in conjunction with stretch as a mimic of cardiac load 14 , concurrently or sequentially, might be required to induce terminal differentiation in hPSC-derived cardiomyocytes and upregulate the expression of myofilament proteins. Other strategies might include cultivation in the presence of T3 thyroid hormone 35 , insulin-like growth factor-1 (ref. 36 ), addition of laminin or native decellularized heart extracellular matrix into the hydrogel mixture 37 and cultivation on stiffer substrates 38, 39 .
It is well accepted that some human stem cell lines are more cardiomyogenic than others 12, 16 , and these differences could also be related to the maturity of the produced cells. In previous reports 10, 11, 40 , many and usually most cells were irresponsive to caffeine at the end of differentiation. Therefore, differences in Ca 2+ -handling properties could also be due to cell line variability. Here we demonstrated that in a given cell line, culture in biowires and electrical-field stimulation enhanced Ca 2+ -handling properties of cardiomyocytes consistent with a functional sarcoplasmic reticulum.
Biowire cardiomyocytes were clearly more mature than cardiomyocytes obtained from embryoid bodies cultivated for 20 d (EBd20) or for 40-44 d (EBd44), which exhibited a greater propensity for automaticity, more depolarized membrane npg potentials, lower cell capacitance and less hERG currents and I K1 . Electrophysiological measurements of the EBd20 cardiomyocytes represented the cell properties before their incorporation into biowires, whereas EBd44 cardiomyocytes were cultured for periods slightly longer than the biowire culture time, allowing assessment of the independent effect of culture time on maturation 11, 41 . We acknowledge that biowire maturation is clearly incomplete, as evidenced by the relatively low membrane conductance. Nevertheless, it is intriguing to speculate that the combination of low membrane conductance with V rest below E K may represent an 'intermediate' phenotype as cardiomyocytes undergo maturation from the embryonic state.
Correlating the properties of hPSC-derived cardiomyocytes in biowires with mouse or human development could help to gauge maturation stage, but mouse and rat cardiomyocytes are physiologically distinct, and age-defined healthy human heart samples are scarce. Additionally, in vitro maturation might not be compatible with embryo development.
The small size (radius of ~300 µm) of biowire upon gel compaction was selected to be close to the diffusional limitations for oxygen supply to ensure that the biowires can be maintained in culture without perfusion. Addition of vascular cells will be imperative for improving survival and promoting integration with the host tissue in future in vivo studies 14 . We generated a unique platform that enables generation of human cardiac tissues of graded levels of maturation that can be used to determine, in future in vivo studies, the optimal maturation level that will result in the highest ability of cells to survive and integrate in adult hearts with the lowest side effects (such as arrhythmias).
methods
Methods and any associated references are available in the online version of the paper.
Note: Supplementary information is available in the online version of the paper.
online methods Human pluripotent stem cell culture and differentiation. Cardiomyocytes derived from two different hESC lines (Hes2 and Hes3) and two different hiPSC lines (CDI-MRB and HR-I-2Cr-2R) were used. Both hESC lines and hiPSC line HR-I-2Cr-2R were maintained as described 2, 4 . Embryoid bodies (EBs) were differentiated to the cardiovascular lineage as previously described 2, 4 . In brief, EBs were generated by culture in StemPro-34 (Invitrogen) medium containing BMP4 (1 ng/ml). On day 1, EBs were collected and suspended in induction medium (StemPro-34 containing basic fibroblast growth factor (bFGF; 2.5 ng/ml), activin A (6 ng/ml) and BMP4 (10 ng/ml)). On day 4, the EBs were collected from the induction medium and recultured in StemPro-34 supplemented with vascular endothelial growth factor (VEGF; 10 ng/ml) and DKK1 (150 ng/ml). On day 8, the medium was changed again and the EBs were cultured in StemPro-34 containing VEGF (20 ng/ml) and bFGF (10 ng/ml) for the duration of the experiment. Cultures were maintained in hypoxic environment (5% CO 2 and 5% O 2 ) for the first 12 d and then transferred into 5% CO 2 for the remainder of the culture period. EBs were dissociated for seeding in biowires on day 20 (EBd20), day 34 (EBd34) and day 40-44 (EBd44) for specific cellular and electrophysiological analyses. CDI-MRB hiPSC-derived cardiomyocytes were purchased from Cellular Dynamics International (CMC-100-110-001) and used for biowire production immediately after thawing.
Device design and manufacture. The device was fabricated using soft lithography technique. A two-layer SU-8 (Microchem Corp.) master was used to mold PDMS. Briefly, device features were printed on two film masks (CADART) corresponding to the two-layer design. SU-8 2050 was spun onto 4-inch silicon wafer, baked and exposed to UV light under the first-layer mask to create the first layer including the suture channel and the chamber with thickness of 185 µm. The second layer including only the chamber with thickness of 115 µm was spun on top. After additional baking, the second-layer mask was aligned to the features on the first layer and then exposed to UV light. Finally, the wafer was developed using propylene glycol monomethyl ether acetate (Doe & Ingalls Inc.). PDMS was then cast onto the SU-8 master and baked for 2 h at 70 °C. PDMS templates were used to hold a piece of surgical suture centrally in the channel ( Supplementary  Fig. 1a) to which the cardiac cell suspension gel was added.
Biowire generation. EBd20 generated as described above were incubated in collagenase type I (1 mg/ml; Sigma) and DNAse (1 mg/ml, CalBiochem) in Hank's balanced salt solution (NaCl, 136 mM; NaHCO 3 , 4.16 mM; Na 3 PO 4 , 0.34 mM; KCl, 5.36 mM; KH 2 PO 4 , 0.44 mM; dextrose, 5.55 mM and HEPES, 5 mM) for 2 h at 37 °C. EBs were centrifuged (107g, 5 min), incubated with trypsin (0.25%, Gibco) for 5 min at 37 °C and pipetted gently to dissociate the cells. After dissociation, cells were centrifuged (167 x g, 5 min), counted and seeded at 0.5 × 10 6 cells/wire of 0.5 cm in length. This ratio was maintained for generation of longer biowires. Cells were seeded in collagen type I gels (4 µl/0.5 cm wire length; 2.1 mg/ml of rat tail collagen type I (BD Biosciences) in 24.9 mM glucose, 23.81 mM NaHCO 3 , 14.34 mM NaOH, 10 mM HEPES, in 1× M199 medium plus 10% of growth factor reduced Matrigel (BD Biosciences)) by pipetting the cell suspension into the main channel of the PDMS template (Supplementary Fig. 1a) . CDI-MRB hiPSC-derived cardiomyocytes were thawed, counted and seeded in same concentration as hESC-derived cardiomyocytes. After seeding, cells were kept in culture for 7 d to allow collagen matrix remodeling and assembly around the suture (Fig. 1a,b) .
Electrical stimulation setup and conditions. After preculture for 7 d, biowires were transferred to stimulation chambers fitted with two 1/4-inch-diameter carbon rods (Ladd Research Industries) placed 2 cm apart and connected to a cardiac stimulator (Grass s88x) with platinum wires (Ladd Research Industries). Biowires were placed perpendicular to the electrodes and were either submitted to electrical stimulation (rectangular, biphasic, 1 ms, 3-4 V/cm) or cultured without electrical stimulation (nonstimulated controls or control) for 7 d (Supplementary Fig. 1b,c) . As increased time in culture affects maturation 11, 41 , age-matched EBs (EBd34) were used as an additional control. For long-term stimulation experiments, shown in Supplementary Fig. 5 , the biowires were precultured for 7 d as described above, followed by 7 d of 6-Hz protocol, at which point the frequency was decreased to 1 Hz (to mimic postnatal decrease in heart rate) and maintained for an additional 14 d.
To verify that biowire-stimulated cardiomyocytes truly exhibited maturation on a single-cell basis, assays were performed in which single cells were used. With this goal, biowires were digested with collagenase type I (1 mg/ml; Sigma) and DNAse (1 mg/ml, CalBiochem) in Hank's balanced salt solution (NaCl, 136 mM; NaHCO 3 , 4.16 mM; Na 3 PO 4 , 0.34 mM; KCl, 5.36 mM; KH 2 PO 4 , 0.44 mM; dextrose, 5.55 mM; and HEPES, 5 mM) for 4 h at 37 °C, centrifuged (107g, 5 min), incubated with trypsin (0.25%, Gibco) for 5 min at 37 °C and pipetted gently to dissociate the cells as depicted in Supplementary Figure 1d . Isolated single cells were seeded on Matrigel-coated or laminin-coated glass coverslips as described below, and area, calcium transient and patch-clamp measurements were performed.
Assessments. The progression of tissue assembly was assessed at various levels after 2 weeks in culture (7 d of gel compaction followed by 7 d of stimulation): functional (excitation threshold, MCR, conduction velocity and Ca 2+ handling); ultrastructural (sarcomere development, frequency (number/membrane length) of desmosomes), cellular (cell size and shape, proliferation, distribution of cardiac proteins: actin, troponin T and α-actinin), electrophysiological (hERG, I K1 and I Na ) and molecular (expression of cardiac genes and proteins).
Immunostaining and fluorescence microscopy. Immunostaining was performed using the following antibodies: mouse anticardiac troponin T (1:100, Thermo Scientific; MS-295-P1), mouse anti-α-actinin (1:200, Abcam, ab9465), anti-mouse-Alexa Fluor 488 (1:400, Invitrogen, A21202), anti-Ki67 (1:250, Millipore, AB9260), anti-rabbit-TRITC (1:400, Invitrogen, 81-6114). DAPI was used to counterstain nuclei. Phalloidin-Alexa Fluor 660 (1:1,000, Invitrogen, A22285) was used to detect actin fibers. The stained cells were visualized using a fluorescence microscope (Leica CTR6000) and images captured using the Leica Application Suite software. For confocal microscopy, cells were visualized using a fluorescence confocal microscope (Zeiss LSM-510). 42, 43 . The 1-cm sensor had 100 × 100 pixel resolution and the spatial resolution was 50-100 µm/pixel. Imaging was performed at 200 frames/s. The fluorescence was excited using a mercury arc source (X-Cite Exacte) with green filter (Olympus U-MWIG2 filter cube). The constructs were electrically point-stimulated using a bipolar electrode made of two fine wires (AWG#32) inserted in a stainless steel needle, which was mounted on a micromanipulator (World Precision Instruments). For electrical field stimulation, the chamber depicted in Supplementary  Figure 1 was used. The plate containing the biowires was placed on a heated plate (MATS-U55S, Olympus) and temperature was regulated at 38 °C. Data analysis was performed using BrainVision software (Scimedia).
Intracellular recordings. Action potentials were recorded in biowires with high-impedance glass microelectrodes (50-70 MΩ, filled with 3 M KCl) at 37 ± 0.5 °C. Biowires were superfused with Kreb's solution containing 118 mM NaCl, 4.2 mM KCl, 1.2 mM KH 2 PO 4 , 1.8 mM CaCl 2 , 1.2 mM MgSO 4 , 23 mM NaHCO 3 , 20 mM glucose and 2 mM Na-pyruvate, equilibrated with 95% O 2 and 5% CO 2 ; final pH was 7.4. The microelectrodes were connected to an Axopatch 200B amplifier (Axon Instrument) current clamp. Signals were filtered at 1 kHz, sampled at 2 kHz and analyzed with Clampfit 10 (Axon Instrument). Resting potential was measured at I = 0 mode. For some experiments, biowires were paced using field stimulation set at twice the excitation threshold. Fig. 1d ) or EBs were seeded on laminin-coated glass coverslips (laminin, Sigma-Aldrich, 10 µg/cm 2 ) overnight before patch-clamp experiments were performed. Whole-cell patch-clamp recordings were made using an Axopatch 200B amplifier at room temperature (23-25 °C) . Data were analyzed with Clampfit 8.0 (Axon Instrument). Amplifier was set at I = 0 when measuring resting potential of cells. Action potentials were recorded by using the current-clamp mode method. Myocytes were stimulated at 1 Hz, and the maximum rate of membrane depolarization, the action potential peak and action potential duration at 90% (APD90) of the 10th action potential were measured. The membrane potentials were not corrected for the liquid junction potentials, which were estimated to be 15.9 mV (estimated with Clampfit 8.0) for the solutions used. Na + current, hERG current and I k1 current were also recorded under voltageclamp conditions with 70-80% series resistance compensation. Na + current was induced from holding potential of −80 mV by applying a series of test pulses ranging from −120 mV to +30 mV for 500 ms with 10-mV increments followed by a test pulse to −10 mV for 100 ms for measurement of steady-state inactivation. Although this protocol simultaneously activates overlapping voltage-dependent Ca 2+ currents, these Ca 2+ currents were estimated (using prepulse protocols) to be less than 3% of the evoked Na + currents. hERG was assessed by measuring tail currents in response to steps to −50 mV (for 500 ms) after depolarization to voltage steps ranging from −45 mV to 60 mV with 15-mV increments for 2,000 ms. The peak amplitude of hERG tail current was measured and compared. I K1 was measured in two ways that were found to be equivalent for our studies. For complete I-V relationships, we assessed Ba 2+ -sensitive currents by subtracting (trace-by-trace for voltage steps ranging from −120 to −10 mV in 10-mV increments from holding potential of −40 mV) the currents measured in the presence of 500 µM Ba 2+ from the current measured in the absence of Ba 2+ . For the purposes of measuring the I K1 density, we subtracted the background current from that measured in the absence of Ba 2+ at −100 mV.
Patch-clamp recordings. Single cells isolated from biowires (Supplementary
Patch-clamp recordings were performed in bath solutions containing 140 mM NaCl, 4 mM KCl, 1 mM MgCl 2 , 1.2 mM CaCl 2 , 10 mM HEPES, 10 mM d-glucose, at pH 7.35 adjusted with NaOH. Pipette resistance was ~5.5-7.5 MΩ when filled with a solution containing 120 mM potassium aspartate, 20 mM KCl, 4 mM NaCl, 1 mM MgCl 2 , 5 mM MgATP, 10 mM HEPES and 10 mM EGTA, at pH 7.2 adjusted with KOH (calculated reversal potential of K + was −95.6 mV after pH adjustment). Dofetilide 100 nM (ref. 44) and BaCl 2 500 µM 11 were used to block hERG current and I k1 , respectively.
Calcium transient measurements.
Biowires were dissociated by incubation with collagenase and trypsin as described above. The dissociated cardiomyocytes were plated onto 25-mm microscope glass coverslips coated with growth factor-free Matrigel (diluted 1:60 in RPMI medium) and cultured overnight. Cells were then incubated with 5 µM of fluo-4 acetoxymethyl ester (fluo-4 AM) in culture medium for 2 h at 37 °C. Subsequently, cardiomyocytes were washed twice with dye-free medium and placed back into the incubator for 30 min. A laser-scanning confocal microscope (Zeiss LSM 510) was used to measure the fluorescence intensity of fluo-4 AM. The coverslips containing the fluo-4 AM-loaded cardiomyocytes were moved onto a special chamber and tightly secured. Approximately 1.8-1.9 ml of culture medium was added into the chamber, which was placed on a temperature-controlled plate (37 °C) on the microscope. 
